The cellular glucose-regulated protein GRP78-BiP is a member of the HSP70 stress family of gene products, and the protein is a resident component of the endoplasmic reticulum, where it is thought to play a role in the folding and oligomerization of secretory and membrane-bound proteins. GRP78-BiP also binds to malfolded proteins, and this may be one mechanism for preventing their intracellular transport. An induction in synthesis of the GRP78-BiP protein occurs in cells infected with paramyxoviruses (R. W. Peluso, R. A. Lamb, and P. W. Choppin, Proc. Natl. Acad. Sci. USA 75: [6120][6121][6122][6123][6124] 1978). We have studied the expression and activity of the GRP78-BiP gene and synthesis of the GRP78-BiP protein during infection with the paramyxovirus simian virus 5 (SV5). We wished to identify the viral component capable of causing activation of GRP78-BiP since GRP78-BiP interacts specifically and transiently with the SV5 hemagglutinin-neuraminidase (HN) glycoprotein during HN folding (D. T. W. Ng, R. E. Randall, and R. A. Lamb, J. Cell Biol. 109:3273-3289, 1989). Expression of cDNAs of the SV5 wild-type HN glycoprotein and a mutant form of HN that is malfolded but not the SV5 F glycoprotein or SV5 cytoplasmic proteins P, V, and M caused increased amounts of GRP78-BiP mRNA to accumulate, as detected by nuclease S1 protection assays. As unfolded or malfolded forms of HN cannot be detected to accumulate during SV5 infection, the data suggest that the flux of HN through the ER in SV5-infected cells can cause activation of GRP78-BiP transcription.
Infection of a wide variety of cells with the paramyxovirus simian virus 5 (SV5) causes the induction in synthesis of a group of polypeptides (Mr 98,000, 96,000, and 78,000) referred to as glucose-regulated proteins (44, 45) . These cellular polypeptides are the same polypeptides whose synthesis is stimulated in cells transformed by avian sarcoma viruses (25, 52, 54) and in cells deprived of glucose or under conditions in which glycosylation is inhibited (46, 52) . Although maintenance of a high concentration of glucose in the medium has been reported to decrease the synthesis of these polypeptides in transformed cells (52) , this is not the case in paramyxovirus-infected cells (6, 45) , and a recent study suggests that the 78,000-Mr polypeptide is induced in Rous sarcoma virus-transformed cells independent of glucose starvation (53) . The glucose-regulatory proteins of Mr 98,000 and 96,000, which are glycosylated and unglycosylated forms of the same polypeptide, and Mr 78,000 are now designated GRP94 and GRP78-BiP, respectively (reviewed in reference 34).
GRP78-BiP is a member of the hsp70 family of stressrelated proteins and is a resident and soluble component of the lumen of the endoplasmic reticulum (ER) (17, 35) . GRP78-BiP is regulated at the transcriptional level (4, 48) , and in addition to glucose deprivation, transformation of cells, and paramyxovirus infection, mammalian GRP78-BiP protein synthesis (and mRNA synthesis, where examined) is induced by inhibition of glycosylation (4, 39, 57) , treatment of cells with amino acid analogs (22, 27) , disruption of intracellular calcium stores (12, 58, 62) , low extracellular pH (59) , expression of malfolded proteins (28) , and increased expression of secreted proteins (11, 60 ; reviewed in reference 15) . Interestingly, GRP78-BiP protein synthesis is strongly resistant to hypertonic salt concentrations (44) , conditions which greatly decrease initiation of cellular protein synthesis (38) . GRP78-BiP has been implicated in having a role in the folding and assembly of proteins in the ER (2, 14, 18, 26, 35, 43) , to mark aberrantly folded proteins destined for degradation (10, 14, 32) or to aid in solubilizing aggregated proteins during periods of stress (35) . Recently it has been shown that the SV5 and Sendai virus hemagglutinin-neuraminidase (HN) glycoprotein and the vesicular stomatitis virus glycoprotein (G) specifically and transiently associate with GRP78-BiP during glycoprotein folding (33, 37, 49) . It has been found that GRP78-BiP and HN form a complex which can be detected from the time of HN synthesis up to a point just before oligomerization of the immature HN molecules to form the native tetramer (37) . In addition, GRP78-BiP plays a second role in that it becomes more stably associated with altered forms of HN or G that are malfolded (33, 37) , as has also been found with malfolded forms of several proteins, including the influenza virus hemagglutinin (HA) (14, 23) .
We are interested in the molecular requirements for GRP78-BiP induction after infection of cells with the paramyxovirus SV5. In addition to HN, SV5 encodes the fusion (F) glycoprotein, a small nonglycosylated integral membrane protein (SH), the viral membrane protein (M), the major nucleocapsid protein (NP) , and the nucleocapsidassociated proteins L, P, and V (reviewed in reference 30 MATERIALS AND METHODS Cells and viruses. CV-1 cells were maintained in Dulbecco's modified Eagle's medium (DME) supplemented with 10% calf serum. The W3 strain of SV5 was grown in MDBK cells as described before (45) . The virus (3 x 108 PFU/ml) was stored in DME containing 1% bovine serum albumin (BSA) at -70°C. UV-irradiated SV5 was prepared by using a 15-W germicidal lamp for 5 min at a distance of 7 cm for 3 ml of undiluted virus spread evenly in a 10-cm dish; residual infectivity under such conditions was <103 PFU/ml. Simian virus 40 (SV40) stocks were grown in CV-1 cells as previously described (42) . For infection of cells with SV5, confluent monolayers of CV-1 cells were washed twice with either phosphate-buffered saline (PBS) or DME and then infected with SV5 (approximately 50 to 100 PFU/cell) for 1 to 2 h at 37°C. Following infection, the virus-containing medium was removed and the cells were maintained in DME plus 2% fetal calf serum. For mock infections or infections with UV-irradiated SV5, CV-1 cell monolayers were washed in parallel with the cells to be infected, incubated in DME plus 1% BSA (mock) or UV-irradiated SV5 for the duration of infection, and then maintained in DME plus 2% fetal calf serum and treated in parallel with the SV5-infected cells. Infections with the SV40 virus stocks were done as described before (42) . For mock SV40 infections, cell cultures were incubated in DME alone for the duration of the infection period.
Analysis of mRNA abundance and transcription rates.
Cytoplasmic RNA was isolated from virus-infected or mockinfected CV-1 cells as described previously (7) . Briefly, cell monolayers were washed with PBS and lysed in buffer containing 0.1 M NaCl, 10 mM Tris-HCl (pH 8.0), 2 mM EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 1% ,-mercaptoethanol. The nuclei were removed by centrifugation, and the mRNA-containing supernatant was extracted twice with phenol-chloroform-isoamyl alcohol (25: 24:1) and then precipitated with ethanol. Nuclease S1 protection assays of endogenous GRP78-BiP mRNA were done similarly to those described by Wu et [35S] methionine in methionine-free DME (short pulse labeling) or in continuous-label medium (methioninefree DME supplemented with 10% complete DME and 2% fetal calf serum) for longer labeling periods. The duration of labeling periods is described in the figure legends. For analysis of whole-cell lysates, cells were washed with PBS, pelleted, and lysed in gel sample buffer (29) . Lysates were sonicated, boiled, and stored at -70°C. Proteins were separated by electrophoresis through 10% polyacrylamide-SDS gels (29) or 15% polyacrylamide-SDS gels (44) . The gels were processed by fluorography, dried, and exposed to Kodak X-Omat film.
For immunoblot analysis, proteins were electrophoretically transferred from polyacrylamide gels to nitrocellulose filters (3) , and the filter was blocked in PBS containing BSA (5 mg/ml) for 1 h at room temperature or overnight at 4°C, incubated with anti-HN serum (36) for 60 to 120 min, and washed two to three times with PBS plus 0.05% Nonidet P-40. Filters were then incubated with 1251-labeled goat anti-rabbit immunoglobulin G (IgG) and washed as described above. Blots were subjected to autoradiography in the presence of an intensifying screen.
For immunoprecipitations, metabolically labeled cells were pelleted and lysed in 1% Nonidet P-40-150 mM NaCI-50 mM Tris-HCl (pH 7.4)-2 mM phenylmethylsulfonyl fluoride for 2 to 5 min on ice. Nuclei were pelleted by centrifugation for 2 to 5 min, and the cytoplasm-containing supernatant was incubated with SV5-specific antiserum or anti-BiP monoclonal antibody (MAb) (2) for 60 to 120 min at 4°C. Protein A-agarose beads (Boehringer Mannheim Biochemicals) were added, and the incubations were continued another 30 to 90 min. Beads were washed three times in wash buffer (1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.5 M NaCl, 50 mM Tris-HCl[pH 7.4]) and once in PBS as described before (2) . Proteins were eluted from the beads by boiling in gel sample buffer and analyzed by electrophoresis, as described above.
RESULTS
Induction of GRP78-BiP protein synthesis during SV5 infection. It has been found previously in cells infected with the paramyxovirus SVS that the synthesis of GRP78-BiP is induced from the earliest time (6 to 9 h postinfection [p.i.]) that viral protein synthesis can be detected (44, 45) . To confirm this observation and to provide positive identification of GRP78-BiP, lysates from mock-infected CV-1 cells, mock-infected CV-1 cells treated with tunicamycin (an inhibitor of N-linked glycosylation), and SV5-infected cells were either analyzed on gels directly or immunoprecipitated with the rat anti-BiP MAb (2) . As shown in Fig. 1 that from untreated cells. When SV5-infected cell lysates were immunoprecipitated under ATP-depleting conditions with anti-BiP MAb, a four-to fivefold greater quantity of GRP78-BiP was precipitated than from mock-infected cells and HN was coprecipitated with the BiP MAb ( Fig. 1) (37) . Previously it has been found under steady-state labeling conditions that the molar ratio of GRP78-BiP to HN in the complex is 0.7:1, which suggests that one or more molecules of GRP78-BiP associate with each newly synthesized HN molecule (37) . To confirm further the nature of the associations, lysates from SV5-infected cells were immunoprecipitated with anti-HN antibody (which recognizes both immature and mature forms of HN), and as shown in Fig. 1 , GRP78-BiP coimmunoprecipitated with the HN protein. The anti-HN antibody does not precipitate GRP78-BiP from uninfected cells (37) .
Transcriptional activation of GRP78-BiP. Dactinomycin treatment of SV5-infected cells inhibits the induction of GRP78-BiP protein synthesis, a finding which is suggestive of increased transcription of the gene (45) . To determine whether SV5 infection of CV-1 cells stimulates GRP78-BiP expression at the transcriptional level, in vitro run-off transcription assays with isolated nuclei were performed. In preliminary experiments it was found in mock-infected cells that between 0 and 3 h posttreatment, there was an unexpected but reproducible transient stimulation (fivefold) of GRP78-BiP transcription, not observed in uninfected cells, i.e., cells for which medium changes were not made (data not shown). This stimulation of GRP78-BiP transcription declined to a basal rate by 6 (Fig. 3, postlabel, HN) and the anti-BiP MAb coprecipitated a small amount of HN (Fig. 3, postlabel When lysates from prelabeled cells were immunoprecipitated with either anti-HN IgG serum or anti-BiP MAb, only GRP78-BiP could be detected (Fig. 3, prelabel) . These data suggest that GRP78-BiP synthesized under normal growth conditions, prior to SV5 infection, will interact with newly synthesized HN molecules.
GRP78-BiP transcription is induced by HN synthesis. We were interested to determine whether we could detect an increase in GRP78-BiP mRNA accumulation caused by expression of individual SV5 polypeptides, particularly the HN glycoprotein. It has been found previously that increased synthesis of secretory proteins in cells causes increased expression of GRP78-BiP (11) and that the presence of an altered form of the influenza virus HA which is malfolded, associates with GRP78-BiP, and remains localized in the ER significantly increases the amount of GRP78-BiP mRNA accumulation (28) . However, synthesis of normal HA did not increase the accumulation of GRP78-BiP mRNA (28) . The SV5 cDNAs encoding the glycoproteins F and HN and the cytoplasmic proteins M, P, and V were expressed in CV-1 cells by using SV40 recombinant virus vectors as described previously (42, 51, 55) . In addition, we expressed a mutant form of HN (HNgO) that lacks all four sites for addition of N-linked glycosylation. HNgO does not fold into a native conformation, associates with GRP78-BiP in a relatively stable manner (half-time, >3 h), fails to be transported intracellularly out of the ER, and turns over very slowly (36) . Thus, HNgO would be expected to cause an increase in GRP78-BiP mRNA accumulation and serves as a positive control. To monitor the basal level of GRP78-BiP RNA accumulation, cells were mock infected, and to control for effects of the vector, cells were infected with wild-type SV40. Cytoplasmic RNA was isolated at various times p.i., and the level of GRP78-BiP mRNA was analyzed by nuclease Si protection, using as a probe a cDNA to human GRP78-BiP mRNA. Autoradiograms were quantitated by laser scanning densitometry.
Mock infection did not lead to an accumulation of GRP78-BiP mRNA over levels found in uninfected cells, and most important for these experiments, GRP78-BiP mRNA did not accumulate in wild-typeSV40-infected cells over the levels found in mock-infected cells (Fig. 4A ). In addition, there was no change in the level of GRP78-BiP mRNA accumulation in cells infected with the SV40 recombinant viruses expressing the F glycoprotein (Fig. 4A) or the cytoplasmic proteins P, V, and M from the levels of GRP78-BiP mRNA found in mock-infected cells (data not shown). In contrast, in cells infected withSV40 vectors expressing either the wild-type HN (SV40/HN) or the mutant form of HN (SVHNgO), GRP78-BiP mRNA accumulated threefold above the levels found in wild-typeSV40-or mock-infected cells by 42 to 48 h p.i. (Fig. 4A) . As a control to monitor the levels of RNA used in each of the nuclease Si protection experiments, the level of HSP70 mRNA was measured, as this gene is not induced by SV5 infection (Fig. 2) (36) . Polypeptides were analyzed by electrophoresis on 10% polyacrylamide-SDS gels. GRP78-BiP, HN, and HNgO are indicated.
on a per-cell basis to correlate the relative expression levels with the induction of GRP78-BiP. However, the data shown in Fig. 4B suggest that HNgO is expressed at levels lower than wild-type HN and yet causes an equally large or larger induction of GRP78-BiP mRNA and protein accumulation. We expected this result because wild-type HN has only a specific and transient association with GRP78-BiP (halftime, 25 min) during its folding process, whereas the interaction of HNgO with GRP78-BiP (half-time, >3 h) is relatively stable. Thus, the steady-state levels of these species that interact with GRP78-BiP are very different.
HN synthesis and not an accumulation of malfolded HN molecules induces GRP78-BiP synthesis. GRP78-BiP transcriptional induction and the increased rate of GRP78-BiP protein synthesis during SV5 infection could be in response to GRP78-BiP associating with HN molecules which spontaneously misfold or remain unfolded during maturation. Alternatively, the flux of HN synthesis and transient association between HN and GRP78-BiP as HN folds into its native conformation could require an increased level of GRP78-BiP protein and thus signal GRP78-BiP gene activation. In an attempt to distinguish between these two possi- bilities, we sought evidence for an accumulation of unfolded HN in SV5-infected cells. At 6 or 12 h p.i., SV5-infected cells were metabolically labeled for 10 min with [35S]methionine and either lysed immediately (pulse) or incubated in normal medium for 90 min and then lysed (chase). Aliquots of the lysates were immunoprecipitated with either the anti-HN IgG or the anti-BiP MAb. It was found, as expected, that the HN antibody coprecipitated labeled BiP after both the pulse and chase periods because unlabeled HN molecules synthesized after the pulse-label associate with labeled BiP molecules, whereas the BiP antibody coimmunoprecipitated HN synthesized during the pulse-label but hardly at all after the chase period (Fig. 5A) . Another aliquot of the chase lysate was incubated in three serial immunoprecipitations with conformation-specific MAb HN-lb (47) to deplete the lysate of normally folded HN molecules, as described previously (37 5A , lane HN/4). The two-to three-polypeptide species that were found in most lanes of immunoprecipitates that migrated between GRP78-BiP and HN correspond in size with two members of the HSP70 family, HSP70 and P72. It is presently unclear whether this is nonspecific immunoprecipitation or represents specific interactions, as has been suggested to be necessary for the translocation and synthesis of membrane-compartmentalized proteins (5, 8) .
To examine for an accumulation of malfolded HN molecules that might remain in a semistable complex with GRP78-BiP, cell lysates were immunoprecipitated with the BiP MAb at 6, 9, or 12 h p.i., and polypeptides were subjected to polyacrylamide gel electrophoresis (PAGE), transferred to nitrocellulose, and then immunoblotted with anti-HN serum and 1251I-labeled goat anti-rabbit IgG. As shown in Fig. 5B , the level of HN molecules that were complexed with GRP78-BiP at each time point was similar and did not dramatically increase as would be expected if malfolded HN molecules were accumulating and leading to the induction of GRP78-BiP synthesis. The absence of accumulated malfolded forms of HN in cells is mirrored by the absence of malfolded forms of G in vesicular stomatitis virus-infected cells (33) . However, with some strains of influenza virus, up to 10% of the HA fails to fold to the native conformation (14; reviewed in reference 24). In aggregate, the data reported here support the view that the induction of GRP78-BiP mRNA and protein synthesis is due to the increased flux of HN molecules through the ER.
DISCUSSION
Increased transcription of the gene encoding GRP78-BiP has been observed after perturbations to cells that directly or indirectly affect the ability of proteins to fold to their native conformations in the ER. These perturbations include inhibition of glycosylation (4, 28, 57) , disruptions of intracellular calcium stores (12) , and direct expression of proteins that cannot fold normally (28) .
Our analysis of the maturation pathway of the paramyxovirus SV5 HN glycoprotein (37) indicates that HN folding and oligomerization (half-time, -30 min) is fairly slow compared with the assembly of HA (half-time, 7 to 10 min [14] ) or vesicular stomatitis virus G (half-time, 6 to 8 min) (9) . Unfolded or immature HN molecules that could not be recognized by conformation-specific antibodies were found to associate with one or more molecules of GRP78-BiP (37). Newly synthesized HN associated and dissociated from GRP78-BiP (half-time, -20 to 25 min) in an inverse correlation with the gain in reactivity with the HN conformationspecific antibodies, suggesting that the transient association of GRP78-BiP with immature HN is part of the normal HN maturation pathway (37) . In addition, GRP78-BiP binds in a semistable manner to altered HN molecules that are unable to gain reactivity with the conformation-specific MAbs, and these mutant HN molecules are retained in the ER as a semistable complex (half-time, >3 h) (36) .
It was of considerable interest to investigate further the observation that SV5 infection of cells causes the induction of synthesis of GRP78-BiP (44, 45) . Our findings indicate that in SV5-infected cells, at 9 h p.i., just as HN reaches it maximum rate of synthesis (44), there is a fivefold increase in the rate of GRP78-BiP transcription, which leads to an increase in GRP78-BiP protein levels (three-to fourfold, but this value has to be treated conservatively because the anti-BiP antibody does not yield 100% recovery [19] ). When the individual SV5 polypeptides were expressed from cloned cDNAs, it was found that synthesis of HN but not the F glycoprotein or the cytoplasmic proteins P, V, and M led to an increased accumulation of GRP78-BiP mRNA in cells. As unfolded or malfolded forms of HN could not be detected to accumulate in SV5-infected cells, the most straightforward interpretation of the data is that the flux of synthesis of folding-competent HN molecules stimulates GRP78-BiP synthesis, as has been found with increased expression levels of soluble proteins (11, 60) .
Earlier studies with wild-type and mutant malfolded HA indicated that only the mutant malfolded HA induced increased accumulation of GRP78-BiP mRNA (28) . The simplest explanation for the seeming difference between these data and our data with HN is that HA oligomerizes rapidly (half-time, -7 to 10 min) (14) and thus the steady-state level of unfolded HA is low and does not require more than the normal level of GRP78-BiP molecules available in the ER, whereas HN oligomerizes more slowly (half-time, -30 min) (37) and the steady-state level of unfolded HN can be expected to be higher. This is reflected by the comparative ease with which wild-type HN-GRP78-BiP complexes can be detected (37) versus the difficulty of showing a transient association of HA with GRP78-BiP (14, 23) . Hence, HN molecules would be expected to utilize the available GRP78-BiP molecules for longer than HA, thus requiring an increase in the pool size of GRP78-BiP molecules. The mutant HA and HN molecules both bind GRP78-BiP relatively stably, and thus both molecules reduce the pool size of GRP78-BiP, requiring an induction of GRP78-BiP synthesis. Similar to the observations made with HA, we have found it difficult to demonstrate a transient interaction of the SV5 F protein with GRP78-BiP, and wild-type F protein expression does not cause an increase in GRP78-BiP mRNA accumulation. We thus posit that F, like HA, will oligomerize rapidly, but this remains to be determined.
The data we describe here support the view that if molecules are slower to fold (perhaps because they are more complicated to assemble), their rate of synthesis increases, or they fail to fold due to mutations or other defects, than the number of GRP78-BiP molecules has to be increased (15) . As an increase in substrate (unfolded or malfolded protein) leads to a decrease in unbound GRP78-BiP and an induction in GRP78-BiP transcription, it has been suggested there is a feedback mechanism from the ER to the nucleus, which monitors the activity of the GRP78-BiP protein and modulates transcription of the gene (4, 28, 57) . The mechanism of the signalling pathway is not known, but it has been suggested that the sequestering of GRP78-BiP into complexes could bring about a release of calcium that is known to be bound to GRP78-BiP (28; reviewed in reference 50). Alternatively, transduction of the signal across the membrane of the ER could be mediated by binding of the GRP78-BiPprotein complexes to the GRP78-BiP transmembrane receptor protein(s) (31, 56) .
